Animals have evolved diverse seasonal variations in physiology and reproduction to accommodate yearly changes in environmental and climatic conditions. These changes in physiology are initiated by changes in photoperiod (daylength) and are mediated through melatonin which relays photoperiodic information to the pars tuberalis of the pituitary gland. Melatonin drives thyroid stimulating hormone transcription and synthesis in the pars tuberalis which in turn regulates thyroid hormone and retinoic acid synthesis in the tanycytes lining the third ventricle of the hypothalamus.
Introduction
Biological time-keeping mechanisms exist in all organisms and these are essential to synchronising the temporal order of intrinsic biochemical processes and physiology with the daily changes in environmental conditions. Timing systems are also important to ensure that animals are appropriately synchronised and adapted to the yearly changes in environmental and climatic conditions. Seasonal cycles in reproductive competence, growth, energy balance and metabolism, migration, moulting and hibernation are among these adaptations. Although there are a number of extrinsic signals, such as temperature variations or food availability, that birds and mammals can use to track seasonal time the most important time cue to co-ordinate seasonal responses by animals living at temperate latitudes appears to be photoperiod (day length) (1) .
While photoperiod is an important cue, the nature of the response to a given photoperiod depends on the species. Thus, for sheep and deer, shortening photoperiod is associated with increased reproductive competence, which means that the 'breeding season' is during the autumn, allowing offspring to be born 6 months later in the warming days of spring when food availability is optimal (2, 3) . The shortening photoperiod is also associated with reduced food intake and decreased body weight (fatness) (4) . By contrast, for Siberian (also known as Djungarian hamsters, Phodopus sungorus) and Syrian hamsters (Mesocricetus auratus) reproductive competence is associated with long photoperiod (the opposite to sheep), yet they exploit different strategies for energy balance.
Siberian hamsters decrease food intake, body weight and body fat in response to short photoperiod,
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whereas Syrian hamsters increase body weight and fatness in response to the same photoperiod (5, 6) . Thus, different species adopt different strategies to cope with the same seasonal changes and so fundamental questions for seasonal biologists are: 1) what are the common pathways in the photoperiod response, 2) where does the divergence in response occur and 3) what are the mechanisms involved? Here we will explain how the photoperiodic signal is 'read' and translated into a biochemical signal by the brain to result in the desired physiological output and provide a unifying hypothesis as a theoretical basis to explain the seasonal control of body weight and, potentially, reproduction.
Melatonin is the photoperiodic message
For mammals, melatonin is a key endocrine signal which relays photoperiodic information to the neuroendocrine system. Melatonin is produced by the pineal gland only during the night and thus translates the length of the night into a neurochemical signal. The importance of melatonin in photoperiodic animals was shown by pinealectomy experiments and duration signals in both sheep and hamsters (7, 8) .
Nonetheless there are also melatonin-independent components to the seasonal response.
Photorefractoriness is characteristic of seasonal species, where the reproductive axis undergoes a spontaneous reactivation if animals are maintained on a fixed (unchanged) photoperiod for an extended period of time. For short day breeders, like sheep, this means that extended exposure to long photoperiod triggers a spontaneous switch from anoestrus to oestrus (2) . Whereas long day breeders such as small rodents (e.g. Siberian hamsters) become refractory to short photoperiod and default back to a long day phenotype, reflected by reproductive competence and change in body weight (6) . Nightly melatonin secretion during this spontaneous refractory switch continues to signal ambient day/night length (9) . In nature this intrinsic photorefractory response ensures a timely start of the repdroductive season in spring. Thus, the photorefractory response shines a light on a
Accepted Article
This article is protected by copyright. All rights reserved. melatonin-independent component of a long-term (circannual) timing system. Indeed, for some longer living species there is clear evidence of a circannual timing system that can function without overt changes in melatonin. Such circannual rhythms were first described in golden-mantled ground squirrels that were held on a fixed photoperiod and temperature, yet they showed annual cycles in food intake, body weight and hibernation (10) . For a number of long-lived species circannual cycles are now well-documented (11, 12) , but even species with short life-spans retain elements of circannual rhythms in their seasonal cycle (13) .
The pars tuberalis as a key intermediary site for photoperiod
The pars tuberalis (PT) of the pituitary, the anterior lobe of the pituitary stalk that connects the hypothalamus and the posterior pituitary, has been identified as a key site involved in the regulation of seasonality across birds and mammals. A key step forward in developing our understanding of the role of melatonin in the mammalian photoperiodic response was the identification of melatonin receptors on the PT (14) . Early studies using auto-radiographic mapping of melatonin binding identified the PT as the only consistent site of 2-125 I-melatonin binding in a wide range of seasonally breeding mammalian species (8) . Subsequent cytochemical studies revealed how thyroid stimulating hormone (TSH) immunoreactivity altered in response to photoperiod in the PT of the hamster (15) (16) (17) . The functional relevance of these findings were put into context by the pioneering work of Yoshimura and co-workers. They identified that TSH transcription and synthesis is photoperiodically regulated in the PT in quail and that this in turn regulates thyroid hormone synthesis in the hypothalamus to regulate reproduction (18, 19) . More recent studies have provided evidence of how the PT has intrinsic clock-like properties and may act as a circannual timer (20) , where transcription factors and coactivators, such as TEF, SIX1 and EYA3 drive TSHβ gene expression to link melatonin to a local circadian clock and drive the photoperiodic control (21) .
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The pars tuberalis as an intermediate between melatonin and thyroid hormone action
A considerable body of evidence supports the idea that localised thyroid hormone metabolism is a critical and common neuroendocrine component of the photoperiodic response in both birds and mammals. In mammals, melatonin acts through melatonin receptors located on the PT cells to regulate TSH (α-and β-sub-unit gene and protein expression). Evidence for this came from experiments in Siberian hamsters where pinealectomy was shown to block short day-induced suppression of both TSH α and β immunoreactivity as well as gene expression for both TSH α and β in the PT (17) . Additionally, the effects of short photoperiod on TSH immunoreactivity in the PT was mimicked by melatonin injections in hamsters held in long day (16) . Subsequent studies in sheep and the F344 rat have shown that gene expression of the α and β sub-units of TSH are similarly strongly regulated by photoperiod, with high expression in long day and low expression in short day (22) (23) (24) .
It has been inferred that TSH acts in a paracrine manner to activate TSH receptors located in specialised glial cells, the tanycytes, around the third ventricle of the hypothalamus (25) . Consistent with a unique physiological role for TSH derived from the PT it has been demonstrated that PT-TSH is distinctly glycosylated relative to TSH from the pars distalis, and that PT-specific TSH is detectable in circulation, but does not stimulate the thyroid gland (26) .
Alongside TSH, a further peptide hormone has been shown to play a role in the photoperiodic response in F334 rats (27) . Neuromedin U (NMU) is expressed in the same cells in the PT as TSH (28) and is under strong photoperiodic regulation (29) . NMU appears to be an important mediator of the photoperiodic response in the rat, but whether it has a photoperiodic role in other species remains to be determined.
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Tanycytes are the mediators of the photoperiodic response
Both PT-derived TSH and NMU act through their G-protein coupled receptors TSH-R and NMU 2 , respectively, located on the tanycytes surrounding the third ventricle of the hypothalamus. Recently, the tanycytes have emerged as an integral part of the hypothalamic networks that control body weight, appetite regulation and energy balance (30, 31) . Tanycytes extend into hypothalamic nuclei closely associated with homeostatic appetite regulation and act as gatekeepers for peripheral signals, such as leptin, to regulate metabolic control (30, 31) . Tanycytes exhibit high levels of structural plasticity and importantly, it is photoperiod that strongly affects the structural organisation of tanycytes. In long photoperiod, tanycytes are densely distributed around the third ventricle of the hypothalamus forming long radial processes, visualised by immunolabelling for vimentin, which project into the hypothalamic areas controlling body weight regulation.
Immunolabelling for vimentin is markedly decreased in short photoperiod (32) (33) (34) (35) implying profound change in both structure and function of these radial projections.
In the seasonal context, tanycytes are particularly important because they regulate hypothalamic thyroid hormone through the expression of type 2 (Dio2) and 3 (Dio3) deiodinases. Dio2 and 3 are key enzymes that regulate thyroid hormone bioactivity. Dio2 converts the prohormone thyroxine (T4) by phenolic ring deiodination to the bioactive triiodothyronine (T3), whereas Dio3 converts T4 into biologically inactive rT3 and inactivates T3 by tyrosyl ring deiodination to diiodothyronine (T2) (36) . Thus, the expression of Dio2 and Dio3 enzymes provide a key molecular step to regulate the local hypothalamic availability of T3. Photoperiod-regulated changes in Dio2 and Dio3 mRNA expression have been shown in a number of species and seem to be a conserved feature among seasonal animals, however the relative importance of Dio2 and Dio3 gene expression appears species-specific (22, 23, (37) (38) (39) (40) (41) (42) (43) . TSH infusion into the third ventricle of the hypothalamus has been shown to increase Dio2 expression in quail, sheep and F344 rats, but to also inhibit Dio3 in F344 rats (19, 24, 27) . Importantly, NMU infusion into the third ventricle also increases Dio2 (but not Dio3)
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This article is protected by copyright. All rights reserved. expression in the tanycytes of F344 rats (27) indicating that NMU is also involved in regulating T3 availability in the rat. The net effect of these changes in Dio2 and Dio3 gene expression predicts that T3 levels in the mediobasal hypothalamus are increased under long day relative to short day in photoperiod-sensitive species. Overt increase in hypothalamic T3 levels in response to long day has been observed in the quail (18) , whereas in F344 rats changes in T3 in response to long photoperiod are subtler, despite large changes in Dio2 and Dio3 expression in the tanycytes (22) . This in part may reflect the markedly different photoperiodic responses of quail and mammals. Reactivation of the reproductive axis in quail held on short day can be induced by only a single light pulse during a photo-sensitive period (18) , whereas mammalian responses to photoperiod require sustained stimulus over several weeks (24, 39) .
Elevated hypothalamic levels of T3 are known to inhibit thyrotrophin-releasing hormone (TRH) expression in the paraventricular nucleus (PVN) as part of the negative feedback neuroendocrine loop of the thyroid hormone axis (44) , yet TRH expression in neither Siberian hamsters nor F344 rats are affected by photoperiod (22, 45) . Thus, these data indicate that any changes to T3 levels in the hypothalamus as part of the photoperiodic response do not disturb the TRH-TSH-T3 (PVN-pituitarythyroid gland) neuroendocrine axis. More likely is that the changes in T3 in response to photoperiod are discrete, localised and tightly regulated. Part of this tight regulation is likely to involve other components of the thyroid regulatory system, which are also under photoperiodic control. These include the thyroid hormone transporter monocarboxylate 8 (MCT-8) and organic anion transporter family member 1C1 (Oatp1c1), which can rapidly regulate thyroid hormone levels (46, 47) . MCT-8 is more highly expressed in short photoperiod in both the Siberian hamster and the F344 rats (22, 40, 48) , and in the F344 rats Oatp1c1 is more highly expressed in long photoperiod (22) . This divergent expression pattern emphasises the fact that photoperiodic regulation of thyroid hormone metabolism and its relationship to physiological outcomes is more complex than a simple on/off switch related solely to T3 levels in mammals.
The role of the retinoic acid system
A microarray analysis of photoperiod regulated gene expression in the hypothalamus of F344 rats has provided clear evidence of the wider complexity of the photoperiodic response in mammals (22) . The F344 rat is one of the few rat strains that has remained sensitive to changes in daylength with strong photoperiod-dependent changes in body weight, food intake and reproductive status. It has therefore provided a useful model given the molecular methods available for the study of rats, relative to more mainstream seasonal animals (49) .
One of the more prominent photoperiod-regulated signalling pathways identified by microarray analysis was retinoic acid, a metabolite of Vitamin A (22) . Like thyroid hormone signalling many components involved in the retinoic acid pathway are expressed in tanycytes and adjacent areas and are strongly regulated by photoperiod. In F344 rats, this includes retinoic acid signalling genes and proteins involved in uptake (Stra6, Ttr and Crbp1), synthesis (Raldh1, Raldh2), receptor response (RAR) and ligand clearance (Crapb1 and Cyp26B1) (29, 50) . Evidence for retinoic acid signalling genes has also been found in the Siberian hamster. Crpb1, Crabp2, RAR and RXR are all strongly regulated by photoperiod, with high expression in long days and much reduced expression in short days (51) (52) (53) . Through a combination of melatonin injections, pinealectomy and testosterone injections it has been shown that these changes are melatonin-dependent and not secondary consequences of changes in reproductive status (29, 51) . In rats there is evidence that retinoic acid signalling lies downstream of thyroid hormone signalling Hypothalamic expression of the Raldh1 gene, the rate limiting enzyme for retinoic acid synthesis, is increased following peripheral injection of thyroid hormone (T4) in vivo (54) . Consistent with this, T3 increases Raldh1 expression in neonatal hypothalamic explants from rats ex vivo (54) . In F344 rats, the large changes in Raldh1 mRNA seen in response to photoperiod leads to an increase in tissue levels of retinoic acid in the hypothalamus (29) .
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One of the hypothalamic actions of retinoic acid is to increase gene expression of the retinoic acid responder 2 (Rarres2) gene, which encodes for the protein chemerin (35) . Chemerin is an inflammatory chemokine, which has been associated with inflammation, adipogenesis and angiogenesis (55) . It has also been postulated to play a role in the regulation of energy balance as it is highly expressed in white adipose tissue, which is in direct proportion to the level of adiposity.
Consistent with this, circulating chemerin levels are positively correlated with BMI in humans (55) .
Evidence for a neuroendocrine role for chemerin has come from F344 rats where intracerebroventricular administration of chemerin into the third ventricle of the hypothalamus alters food intake and body weight (35) . Chemerin (Rarres2) transcript and its receptors Cmklr1 and Despite the clear evidence for a role of retinoic acid in photoperiod signalling in the hypothalamus of both the F344 rat and Siberian hamster, there are no data available to indicate a role for any retinoic acid signalling genes in sheep. Indeed, it is noteworthy that in a recent RNAseq study in sheep, no retinoic acid related genes were shown to be differentially expressed between long day versus short day or between thyroidectomised animals on long day relative to controls (56) . This apparent difference between sheep and rodents needs to be verified by other techniques, but if substantiated this may be an interesting point of distinction between long day and short day breeders.
Other photoperiodic regulated players are expressed in tanycytes
Tanycytes have been discussed as key determinants of long-term seasonal changes in energy balance mainly because of their role in transport and regulation of thyroid hormone and retinoic acid availability (57) , but several other components expressed in tanycytes and surrounding hypothalamic areas have been shown to change in response to photoperiod emphasising that other pathways are potentially important to this process.
The Wnt signalling pathway
The Wnt/β-catenin signalling is another photoperiod-regulated pathway first identified by microarray analysis of F344 rat hypothalami (21) , with expression being localised to the tanycytes (27, 29, 58) . More recently photoperiod-regulated Wnt signalling genes have also been shown in the hypothalamus of Siberian hamsters (59) . A close relationship between the retinoic acid and Wnt/βcatenin pathways has been demonstrated in the hippocampus where members of the Wnt gene family are downstream components of the retinoic acid pathway (60) . However, in the hypothalamus such a direct relationship seems unlikely, since intracerebroventricular injection of retinoic acid into the hypothalamus of F344 rats failed to alter Wnt-related gene expression (35) .
Additionally, intracerebroventricular injection of TSH, which should increase the activity of the retinoic acid pathway via thyroid hormone (54), also did not alter Wnt pathway genes (27) .
In the F344 rat, PT-derived NMU appears to be one of the main regulators of Wnt signalling in the tanycytes, because intracerebroventricular injection of NMU rapidly increases the expression of sFrp2 and Dkk3 (27) . These are important regulators of the canonical Wnt pathway (61), providing evidence for an additional (non-TSH) mechanism through which PT-derived signals can synchronise changes in tanycyte function involved in photoperiodic regulation of seasonal physiology.
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G-protein coupled receptor 50
A further component that is noteworthy in the context of the photoperiodic regulation is the G protein coupled receptor 50 (GPR50). GPR50 is highly expressed in the hypothalamus, specifically in tanycytes. It is also expressed in the PT of sheep, hamster, rat and mouse (52, 62) and has been investigated owning to its high sequence similarity to melatonin receptors. Despite its homology to melatonin receptors it does not bind melatonin (63, 64) and a ligand has yet to be identified. GPR50
mRNA is down-regulated in Siberian hamsters held in short photoperiod (52, 65, 66) but remains low in refractory hamsters (66) . While this might indicate that GPR50 is not required for the transition from a short day to long day phenotype and in the absence of a ligand the function of GPR50 remains elusive, a role in seasonal adaptation is still likely given that GPR50 knockout mice show an increased Dio2 expression in tanycytes (67) .
Epigenetics
Epigenetic changes, such as DNA methylation and histone acetylation, have also been shown to be part of the seasonal timing switch (68) . DNA methylation is increased in long photoperiods in the Siberian hamster and this seems to be linked to reproductive competency (69, 70) . DNA methylation via Dnmt3b is regulated by photoperiod and melatonin and takes place in the promoter region of Dio3 indicating that it is a critical component of the seasonal time measurement (69) . Furthermore, seasonal variations in histone acetylation have been shown in Siberian hamster and F344 rats (71, 72) . Hdac 4 and 6 are class II histone deacetylases which repress transcription by deactylated histone proteins. Genes for these enzymes are photoperiodically regulated in tanycytes of F344 rats with high expression under long day relative to short day. Importantly, these have the ability to modulate thyroid hormone and retinoic acid signalling pathways in tanycytes (71) . Additionally, TSH induces Hdac4 expression in tanycytes of F344 rats (71) and it is therefore likely that epigenetic
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This article is protected by copyright. All rights reserved. modifications occur as intermediate steps between PT-derived TSH and thyroid and retinoic acid signalling in the tanycytes. A recent study in sheep further highlights the PT as a key region for epigenetic changes. The histone methyltransferases Suv39HS and EZh2 and the transcriptional regulator EYA3, involved in histone modification, are strongly regulated by photoperiod in the PT and this seems to be independent of thyroid hormone (56) . Hence, it remains to be investigated whether these PT-expressed genes control rege regulation directly in tanycytes.
Inflammatory markers
Interestingly, epigenetic regulation is linked to inflammation because HDACs can modulate the NF-κB inflammatory signalling pathway in the hypothalamus. This has been shown in primary hypothalamic tanycyte cultures from F344 rats where HDAC4/5/6 inhibition induces Nfkb1 mRNA (71) but seasonal epigenetic alterations have also been confirmed in the immune system in Siberian hamsters (73) . Additionally, Nfkb1 transcript is strongly upregulated in short day in F344 rats indicating that inflammatory signals may have the potential to regulate gene expression in short photoperiod (71) . This is noteworthy, because inflammatory signalling in the brain is generally considered as a pathophysiological response rather than as a modulator of the physiological state of the healthy brain. Nfkb1 is the second inflammatory gene that is photoperiodically regulated in tanycytes, next to the aforementioned inflammatory chemokine chemerin (Rarres2) (35) . The idea that inflammatory signals in the hypothalamus respond to photoperiod has been reported before (74) and it is therefore tempting to speculate that inflammatory markers may contribute to the photoperiodic response, potentially downstream of retinoic acid signalling given that acute retinoic acid injections into the third ventricle of the hypothalamus increases a number of inflammatory pathways (35) . However, a recent study in Siberian hamsters was unable to show a photoperiodic difference in TNFα and Interleukin 1β in the hypothalamus, despite marked photoperiodic changes in the spleen (75) . Thus, it remains to be established whether only a few specific inflammatory
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Orchestration response
While the PT/tanycyte switch, involving TSH driven changes in Dio2 and Dio3 expression, is now recognised as a strongly conserved photoperiodic mechanism in birds and mammals (76) (Figure 1 ). Dio3 levels increase as body weight starts to fall, which would accentuate a decline in hypothalamic T3, initiated by reducing Dio2.
However, over the second cycle, body weight increases prior to any significant rise in either Dio2 or Crbp1 (Figure 1) . These data clearly demonstrate that the photoperiodic body weight response in Siberian hamsters is not driven by the absolute levels of thyroid hormone and retinoic acid under natural conditions. Instead it seems more likely that the changes in T3 and retinoic acid levels serve to synchronise cycles of energy balance and body weight controlled by other endogenous processes.
All of this underlines the importance of thyroid hormone metabolism to the seasonal body weight response, but also points to the importance of factors/processes other than hypothalamic T3 in driving the seasonal body weight responses under natural photoperiod. Clearly temporal organisation is a key element for the function of each gene, but it is also important to note that in the Petri et al. experiments, hamsters were housed outside in natural photoperiod and ambient temperatures (48) .
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Linking thyroid hormone signalling to energy balance
The arcuate nucleus is an important integrative centre for the regulation of energy balance and thus an obvious question is its role in the seasonal cycles of food intake and body weight. AgRP neurons, which co-express NPY, are a key cluster of neurons, which increase food intake and body weight when activated. These neurons are counter-balanced by a cluster of POMC neurons, which inhibit food intake and reduce body weight (77) . They are regulated by leptin, which is taken up through the fenestrated capillaries of the median eminence and is delivered to the arcuate nucleus via the tanycytes (78) . Until recently, it was generally assumed that POMC is exclusively expressed in hypothalamic neurons, however, recent studies have shown that POMC mRNA and protein is also expressed in tanycytes in seasonal and non-seasonal rats (23, 79, 80) . These findings highlight how the tanycytes are an important route in the regulation of the activity of the AgRP/NPY and POMC neurons. Thus tanycyte-derived thyroid hormone has the potential to influence these arcuate nucleus energy balance genes by a similar route.
Nevertheless, while thyroid hormone is known to regulate energy balance and increase mitochondrial proliferation in AgRP/NPY neurons (81) , no consensus has emerged about the relationship between the effects of photoperiod (and hence T3) and hypothalamic expression of energy balance genes (AgRP, NPY and POMC). Results from a number of studies and species including, hamsters, F344 rats and sheep have failed to identify a consistent pattern of gene expression responses that might explain the role of arcuate nucleus energy balance genes in the seasonal body weight response (79, (82) (83) (84) (85) . From this it is generally accepted that the relationship between photoperiod (and T3) and the genes involved in energy balance is neither direct, nor simple.
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Neurogenesis as a common response
A common response in seasonal mammals which provides a potentially important link between thyroid hormone/retinoic acid signalling and physiological outcome is cell proliferation/neurogenesis. Hypothalamic neurogenesis has been shown in a number of species, but only a few studies have investigated photoperiodic regulation of proliferative activity in seasonal animals (86) ( Table 1 ). An early study in Syrian hamster showed that more hypothalamic cells are labelled with BrdU in animals exposed to short days relative to long days, which suggests increased proliferation under the former (87) . This study suggested that there is increased proliferation of new cells in the hypothalamus under short day conditions. Subsequent studies in sheep have similarly shown that there is a greater number of BrdU labelled cells in the hypothalamus of animals exposed to short relative to long days (88, 89) . Furthermore, L-dopachrome tautomerase (Dct), a tanycytic marker implicated in the control of progenitor cell proliferation, is regulated by photoperiod and thyroid hormone in sheep (90) . Likewise, using Ki67 labelling, an immunocytochemical measure of cell proliferation, it has been shown that more cells are immunopositive for Ki67 in the hypothalamus of the F344 after exposure to short relative to long days (50) and this increased proliferative response in short days has been confirmed by BrdU labelling in F344 rats (Helfer, Morgan unpublished) . Importantly, a recent study has shown that hypothalamic cell proliferation is dependent on melatonin in sheep (91) . Recent studies sugest other interesting markers, such as Prss56, maybe useful in studying cell proliferation in seasonal animals (92) . Together these data indicate that increased cell proliferation is another common response to short photoperiod in both long and short-day breeders ( Table 1) . It is well known that the tanycytes, which express many photoperiodically regulated genes are a key neurogenic niche and source of proliferating cells that gives rise to appetite regulatory neurones essential for long-term changes in metabolic physiology (93, 94) . The idea of cycles of histogenesis underpinning the seasonal response is not new, but a framework to explain photoperiod responses has not been developed (95) . Here, we describe a
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mechanistic framework that could explain the photoperiodic regulation of energy balance, but which also has the potential to explain photoperiodic responses more universally.
The basis of the explanation builds on a concept developed from the regulation of energy balance by AgRP neurons in mice. AgRP neurons are an important group of cells in the arcuate nucleus, which contribute to the orexigenic drive (77) . Despite this, it is well known that if AgRP neurons are knocked out in the germ line, the phenotype, in terms of food intake, body weight and body composition, appears normal (96, 97) . It has been interpreted that this lack of phenotype arises because the brain is able to compensate for the lack of AgRP neurons during development (77) .
However, if the AgRP neurons are destroyed in the adult mouse, both acutely and rapidly, using diptheria toxin targeted specifically to AgRP neurons, then an anorexic phenotype results, with associated weight loss (96, 98) . These results suggest that the mode and time-course of the knock out is key to determining the phenotypic outcome. In the case of the acute knock out, it is postulated that there is insufficient time for compensatory mechanisms to develop (77) . Support for this interpretation was strengthened by an experiment in which AgRP neurons in adult mice were targeted with a knock-out of mitochondrial transcription factor A (TFAM), which causes slow neurodegeneration of the AgRP neurons (99) . In this case there was no overt change in either food intake or body weight, suggesting that the slow time-course of neurodegeneration allows mechanisms of compensation to develop. BrdU labelling combined with immunocytochemical phenotyping in this study suggests that the compensatory mechanism involves de novo neurogenesis of AgRP neurons (99) . In addition, it is postulated that the TFAM KO-induced neurodegeneration triggers cell proliferation by the neurogenic niche of stem cells in the subventricular zone around the third ventricle. By regulating the balance between neurodegeneration and neurogenesis, it is proposed that the population of AgRP neurons is maintained at a steady level so there are no overall changes to energy balance (99) .
Here we postulate that a similar mechanism may be at the heart of the photoperiodic control of energy balance, and potentially reproduction, in seasonal species. Figure 2 provides a theoretical schematic depicting how such a mechanism might work in terms of the photoperiodic regulation of body weight in the Siberian hamster, based on the recent natural photoperiod evidence from Siberian hamster (48) . We propose that a fall in T3, due to a decline in Dio2 expression and subsequently a rise in Dio3 expression, (and potentially a decline in retinoic acid levels predicted by 
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Concluding remarks
Photoperiodic regulation of energy metabolism and reproduction has captured the interest of chronobiologists for many decades (101) . The initial discovery of the pars tuberalis as an important centre for the control of photoperiodism increased our understanding of seasonal rhythms (102), but the field saw a significant advance after the discovery of the TSH-deiodinase-T3 retrograde pathway in quail and sheep (18, 19, 24) . Since then, this has been verified in many photoperiodic species including the European, Syrian and Siberian hamsters, the common vole and F344 rats (22, 38, 43, 103) .
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This article is protected by copyright. All rights reserved. Recent years has brought a renewed focus on the role and function of tanycytes as the corridor of communication between the hypothalamus and PT of the pituitary gland (30, 31) . Many pathways have been found to be photoperiodically regulated in tanycytes (22) and their role in photoperiodic control cannot be ignored. Most importantly, retinoic acid and Wnt/β-catenin signalling have been found in Siberian hamster and F344 rats with the most prominent changes similar to thyroid hormone signalling (61, 104) . But new players also include a previously unrecognised role for inflammatory signals in the healthy brain (55, 71) . Together, these findings highlight the complexity that underlie phenotypic variations in the response to photoperiod between species.
The one unifying response amongst different species seems to be cell proliferation/neurogenesis. Findings in sheep, hamster and F344 rats point to a potential photoperiodic shift in cell proliferation/neurogenesis (50, 88, 89, 91) and this has the potential to explain the striking variation in seasonal phenotype among photoperiodic species. The hypothesis that cell division may be important for seasonal timing is based on the neurogenic potential of tanycytes and the fact that they are the locus of striking seasonal morphological changes (32, 33, 35, 105) . It will be intriguing to
test in future whether hypothalamic neurogenesis can bring the photoperiodic response together and will provide a fundamental insight into the common basis of physiological outcomes in energy balance and reproduction. 
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